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The1thermal properties are presented for the exhaust 
heated wing de-icing system of a Lockheed 13-A airplane 
which-has successfully prevented wing icing in 25 hours 
of flying in various Icing conditions.  The quantities of 
heat supplied for de-icing of. the. wings under various con- 
ditions were measured and are presented.- The distribution 
of temperatures a hove' the.ambient air temperature: for the 
wing surface under various operating conditions are given. 
The design and construction of tlve. wing heating system 
are described and design factors relative to the weight, 
maintenance, and the applicability, to exhaust heating on 
other airplanes are discussed. 

INTEODUOTIOH 

In a recent confidential report (reference 1), an In- 
vestigation was described in which a Lockheed 12-A air- 
plane equipped with exhaust-heated wings was flown in icing 
conditions to determine the extent .of ice protection which 
could be afforded by the thermal method.  AB noted In ref- 
erence 1, and further substantiated In more recent flights, 
the heating system employed on the test airplane provided' 
adequate protection against ice formations on the wing sur- 
faces.  In the present investigation, the quantity of heat 
employed in the ice-prevention system' and the manner In 
which the heat was•distributed over the wing surface were 
determined.  Information on additional-topics which will 
be of Interest to designers such as added weight, corro- 
sion data, thermal-expansion and structure-temperature 
data, maintenance problems, effects, on performance, and 
notes on the operation of the system,'have heen obtained 
and are reported. 

The tests were made in flight in the- vicinity of 
Moffett Field, Oallfornia, from the' Ames Aeronautical Lab- 
oratory of the National Advisory Committee for Aeronautics. 
The observations relative to the maintenance and overhaul 



of the ice prevention aye tern .have beep made with the bene- 
fit of the experieno-e obtained from'131 hours' flight time, 
of which approximately 25 hours have been in icing condi- 
tions. 

The heat-exchange system employed for the prevention 
of ice on the airplane wing was designed from data taken 
from references 2, 3, and 4.  Information from reference 2 
indicated the quantity  of heat which would be required 
for raising the surface temperature of the wing a given 
amount, and reference 3 suggested approximately to what 
temperature the surface should'be raised in dry air in 
order to.de-ice the wing during icing cpnditions.  Refer- 
ence 4 gives the'basis for calculating the transfer of 
heat from the exhaust gas to the exhaust tube, from the 
tube to- the air in the leading edge, from the air to the 
wing skin,- and from the tube to the wing surface by radi- 
ation.  In the investigation reported in reference 5, the 
validity, of the -calculations for the design was experi- 
mentally .examined' by model tests in simulated icing con- 
ditions.  Preliminary to undertaking the alterations to 
the test airplane, consultations were had with represen- 
tatives of the Army Air Corps,.,the Uavy Bureau of Aeron- 
nautics, air transport companies, airplane manufacturers, 
and other technical experts in order to obtain a complete 
coverage of competent opinion on the design. 

' . 
. - ; •  - ; •  • ' •'•       •'•'.'..    i 

. I.-!'..      SHIPMENT 
..."-• j » ; '•• -   • "    • -' • .  .    • -. • 

A  description of- the equipment ..emplqye.d. In the in- 
vestigation- ,wae -given in reference 1, but. is repeated' and 
somewhat, expanded it the present report..  The -test .air- 
plane, shown in -figure 1, is' a Lockheed 12-A commercial- 
transport airplane,, equipped with two. Pratt. A Whitney, 
450-horsepower-t Wasp JuniOT engines, and: 8-foot, 10-inch 
diameter, constant-speed'propellers.  The wings.-are heated 
by the passage of all or part of the engine exhaust gas 
through wing.exhaust tubes-which are installed along the 
wing leading-edge interior.'- The degree,.of heating and, 
to some degree,- the distribution of the heat are controlled 
from the -pilot^-s cockpit.  The principal element a- which 
comprise the wing heating system are shown in figure 2. 
Heat from the exhaust gas which,- flows along the wing tube 
is transmitted to' the tube wall, and .thence1 to -the wing 
structure' as a result of (l). convection and conduction 
thrpugh-.the« air in'the leading edge, and (2) radiation 
from the -tube wall.  The circulation of air through the 



viag interior, tue path of vhloh is shown in figure 2,ia 
controlled by a valve at the air inlet.  A baffle plate, 
extending from the ving root to tip, directs the flow of 
air along the leading edge.  Tigure 3 shows the heated 
ving in section, with the important structural components 
noted.  The baffle plate serves also as a front shear. 
vebtand. In effect, a fire vail in the event that any leak- 
age developee in the exhaust tube.. The circulation-of 
air through the- ving serves other-purposes in'addition to 
the heat-transfer function.' ' She passage of air along.the 
ving leading-edge is intended to prevent structural parts 
near the "• exhaust tube  from being overheated, and to pre- 
vent the accumulation of' corrosive, explosive, or poison- 
ous . gas in the ving interior. 

The.pilot's controls' for the ving-heating system are 
shown in figure 4.  The exhaust tail pipe and exhaust con- 
trol valves are shown in figure 5.  A clapper-type valve 
over the normal discharge of the exhaust closes simultane- 
ously with the opening of a. butterfly valve in the ving 
heating-tube elbow.  A choice of eleven positions of this 
valve system is provided.  Yhen the control is'in the. 
"off" position, all of the.exhaust is discharged directly 
to the atmosphere; and when in the "full-on" position, all 
of the exhaust is passed through- the ving.  Surface ori- 
fices and thermocouples'are provided in the exhaust tail 
pipe and exhaust oollector, by which pressure and tempera- 
ture measurements are made.  The exhaust tail pipe  is 
constructed from 0.050-inch-thlck stainless steel.  A 
double-ball universal Joint between the tail pipe and the 
wing exhaust tube is employed to allow for motion due to 
vibration and thermal expansion. 

.Figure 6 shows the center-section ving leading edge, 
looking inboard toward the engine nccelle with the leading 
edge beyond the wing Joint•removed.  The inboard end of 
the wing leading edge,is shown in figure 7.  The wing tube 
is unrestrained from spanvise movement within the wing 
except at the inboard-end bail Joint. • Chordvise restraint 
and support are provided at several rib stations along the 
span.  The types of construction of the tube supports at 
rib stations are shown in figures 8 and 9.  The coil 
springs and mounting rings are made-of inconel; most ribs 
and leading-edge skin are of aluminum.  The ribs in the 
leading edge at the tip stations are made of inconel; the 
support clips are of stainless steel.  At ell points along 
the wing exhaust tube vhere restraint is provided, the 
tube is reinforced to prevent abaraBion at .these • points 



from causing a rupture in the tute wall and subsequent gas 
leakage. 

The discharge end of the wing exhaust tube is Bhown 
In figure 10.  It will he noted from a comparison of fig- 
ures 7 and 10 that the wing exhaust tube is tapered from 
the wing root to the wing tip.  At the wing root, the 
tube is circular with a 5-Inch diameter; and at the tip« 
the tube is elliptical, the major and the minor axis being 
4.75 and-2 inches, respectively.  The tip end of the tube 
protmdeB through the wing-tip rib and is free to expand 
linearly when heated.  The discharge of exhaust gas from 
the wing tube is into the tip shroud, shown In figure 11. 
The shroud is constructed from inconel.  The tip skin, 
near the shroud and the forward shear web to which the 
shroud is attached are made of stainless-steel. TSo  pro- 
vision was made for thermal expansion in the wing-tip 
construction. 

The parts of the exhaust tube are assembled in such 
a manner that each part can be removed independently of 
the remaining system.  The tall pipe and the wing tube 
elbow are removable without removing the wing or the wing 
leading edge, and the wing leading edge and the wing tube 
are removable without disturbing the Inboard end of the 
exhaust system.  The wing tube 1B removable from the 
leading-edge structure-. 

Drain holes are made in the- lower wing surface to 
provide fpr the removal of water taken In- with the circu- 
lating air.  The interior surface of the wing leading edge 
is treated with zinc chromate primer, a corrosion-resist- 
ant paint.  Although it was noted in the analysis of the 
heating system that the transfer of heat by radiation 
would be Increased by treating the exterior of the wing 
exhaust tube and the interior of the wing leading edge 
with a black paint,, no special treatment was applied to 
these surfaces. . Tut are tests will be made to investigate 
the effect of black surfaces on the heat transfer in the 
wing.• 

The'exterior of the wing surface along the leading 
edge was made as smooth as possible.. - It was also noted 
In the -analysis of the heating system that the quantity 
of heat- required fo'r a given- surface temperature rise 
was reduced by preserving laminar flow. To this end, 
flush rivets- were used and skin Joints avoided over the 
leading-edge surface. 



The weight of the wing heating system was found to 
he ahout 100 pounds, which is ahout 1.1 percent of the 
airplane weight« 

The temperatures of the heated wing Bkin, critical 
structural parts, circulated air, and the engine exhaust 
gas were recorded by the use of thermocouples*  The posi- 
tion of the thermocouples and the object of temperature 
measurement are given in figure 12,  The engine exhaust- 
gas temperature waB measured at three points in the col- 
lector ring, in the tail pipe, in the entrance to wing 
heating tube, and in the discharge of the exhaust at the 
wing tip.  The temperature of the airplane struoture was 
measured at two points in the main wing "beam, at a typical 
rih in the leading edge, at two points in the wing "baffle, 
and at one point in a protective shroud near the wing- 
center section joint.  The circulating air temperature was 
measured at five points.  The temperature of the upper and 
lower wing covering was measured at 13 points, ten on the 
upper and three on the lower surface.  The thermopotentials 
were recorded hy the use of two millivoltmetera and a 
photorecorder.  Recorded simultaneously with the potentials 
of the thermocouples were the altitude, air speed, air 
temperature, and time. 

A water-filled U-tube manometer was used to measure 
the hack pressure in the exhaust manifold which resulted 
from passing the exhaust gas through the wing duct. The 
flight instruments normally used in the Lockheed 12-A air- 
plane were employed to record observed flight and engine 
data. 

TESTS 

The flights during which the heat-exchange data were 
taken followed the investigation in inclement weather, the 
results of which are reported in reference 1.  As described 
in reference 1, ice was prevented from forming on the wing 
surfaces hy the use of the heating system.  Figure 13 
demonstrates the protection afforded by the heating sys- 
tem, showing the leading edge of the wing after a flight 
in severe icing conditions.  The small tell-tale strut 
mounted above the wing shows the ice formation which re- 
mained on this part after the flight. 

With the knowledge that ice prevention was effective, 
the heat-exchange tests herein described were made to de- 



termine .the amount of heat supplied to the wing surface 
"by .the eihaußt gas under various operating conditions, 
and the. variations in the temperature of the wing due to 
variations in engine power and air speed, air-fuel ratio, 
air .circulation through the wing, and atmospheric condi- 
tions.  Most of the flights were made in dry air - that 
is, air free from clouds.  The object in conducting the 
thermal investigations in dry air is to provide data on 
a proven ice-prevention system, comparisons to which can 
"b,e made "by airplane manufacturers without recourse to in- 
clement weather tests.  One flight was made in an alto- 
stratus cloud during which icing conditions were encoun- 
tered. 

RESULTS AND DISOUSSIOF 

Thermal design.- The numerical data obtained in the 
present investigation are given in tables I and II.  Table 
I gives 'the pertinent flight data and the distribution of 
the heat from one engine.  The purpose in presenting these 
data is to reveal approximately the thermal values involved 
in the exhaust heating system,  The difficulty of measuring 
the exhaust-gas temperature and calculating the rate of 
.flow is recognized and the possibility of errors in the 
order of 10 perc-ent .is acknowledged.  Table II gives the 
temperatures measured in the winf heating system.  Actual 
temperatures are given; but in the design of a wing heat- 
ing system it should be noted that the difference between 
the air temperature and the heated winf; temperature, which 
can be computed from the table, is Important.  Attention 
is directed to the index notes in table II which give the 
variations in the heating conditions. 

Figure lU shows graphically the results of one test 
which is given numerically in table I,  Figure 15 shows. 

-•--••••--•-•-      ...      -    at 

.The 
;hermo- 

The heat supplied to the wing was influenced only 
slightly by changes in fuel-air ratio.' While the tempera- 
ture of the exhaust gases-is greater for lean mixtures, 
the transfer of heat to the wing surface was greater dur- 
ing flights with rich mixtures, other factors .remaining the 
same.  The circulation of air through the winf: increases 
the quantity of heat delivered to the wing surface but 



disrupts the temperature uniformity, as will "be noted 
below.  The heat delivered to the wing surface increases 
with increase in power, and therefore normally increases 
with speed.  It is of interest to note that, with in- 
creasing speed, the loss of heat from the wing does not 
increase as fast as does the heat supply.from the engine, 
as demonstrated "by the higher surface temperatures at the 
highest test speeds.  The full power of the engines was 
never reached during the tests, although the maximum al- 
lowable cruising power, of 800 horsepower, was approaohed 
in tests 11 and 12 during which 288 horsepower was em- 
ployed. 

As a generalisation from the test results, it may 
he stated that the temperature of the forward 20 percent 
of the heated wing surface is raised approximately 70° 7 
above the air-stream temperature.  The temperature rise 
of the wing surface between the 20-peroent and 70-peroent 
chord points varies from about 70° 7 at the forward sta- 
tion to less than 10° 7. at and in rear of the rear sta- 
tion.  The temperatures along the span are highest at the 
wing tip.  The temperature of the leading-edge skin near 
the air inlet (see fig. 2) approaches the air tempera- 
ture when circulating air is admitted.  When the air valve 
is closed, the temperature of the leading edge is uniform 
along the span.  A change in the air circulation system 
is planned whereby circulation may be provided and the 
temperature along the span maintained uniform.  This will 
be done by taking the circulating air into the wing at a 
point on the lower surface of the wing and nearer to the 
engine nacelle. 

The small temperature rise along the trailing edge 
results in temperatures slightly below freezing for this 
region when air temperatures in the vicinity of 20° 7 are 
encountered.  During flights in Icing conditions,(reported 
in reference l) and at air temperatures below 20° 7, thin 
films of ice were observed to form at scattered points on 
the wing surface near the trailing edge.  These formations 
have never exceeded 1/8-inch In thickness and are not con- 
sidered serious. .'Protrusions or surface roughness of small 
dimensions in the region of the trailing edge cannot pro- 
duce a serious effect upon either the lift or drag of the 
wing. 

The danger of ice forming on the after portion of 
the wing is small.because, during conditions when a large 
quantity of condensed moisture is present in the air, the 



air temperature Is high; and it has "been observed that 
even a small surface temperature rise will prevent ice 
accretion.  When the air temperature is low in the icing 
range, the quantity of condensed moisture is small; the 
drop sizes are very small; and little water makes contact 
with the wing at the leading edge, less near the trailing 
edge. 

P- 
v] 

the exhaust valve to prevent the formation of ice.  The air 
temperature during this test was 27° 31.  The temperature 
rise of the wing surfaoe with the heat turned off was about 
3f>0    T?    on    ah own    liv   fent.    n_     tab! a    T.        T+.     In    an IT a fid t. efl     f. Via*-. 

The temperature rise which is required for ice pro- 
tection is determined by the temperature range of icing 
storms .In which operations are anticipated.  As the air 
temperature decreases the total amount of water in the air, 
the quantity of condensed water in the air, and the drop 
size become smaller.  In consideration of small water con- 
tent, a calculation of the heat reciuired for ice -nrotec- 
tion at very low temperatures may be made on the basis of 
dry-air heat-transfer data.  It will be noted by way of 
illustration that tests 13 and lU (see table II), which 
were made in icin£ conditions, pave substantially the same 
temperature rise of the surface as was obtained during dry- 
air teats.  Also during an ice prevention test in moderate 
icing conditions, the results of which are shown in figure 
21 of reference 1, the wing surface temperatures along the 
wing leading- edge were found to be over 60° P above the 
airr-stream temperature, which was at 0° F when the measure- 
ments were recorded.  Reference 5, table II, however, in- 
dicates that- the presence of water in the atmosphere, 
in large quantities such as may be found at temperatures 
in the vicinity of 32° 31-, alters the heat transfer coeffi- 
cient by about 25 percent of the dry-air coefficient.  Thus 



while the larger quantities of water present in the air 
at temperatures near 32° 7 will prevent the same temper- 
ature rise as obtained in dry air,- this'la-unimportant 
for design considerations inasmuch'as the design condi- 
tions will lie the'prbyiaio'n of protection at air tern-' 
peratureB. below 0°, 7, the heat for which may he calcu- 
lated on the basils of dry air transfer; coefficients* 

%he protected wing area of one'heated wing panel Is 
approximately" 10Ö square feet, and the total heated area 
per semi »pan is'200 square feet since "both upper and 
lower surfaces must he considered.  The quantity, of heat 
per square foot supplied to the wing as 'obtained by .divid- 
ing the total'values given in table I by 200 Is found to 
vary from 664 Btu/sq' ft, .hr at 118 miles per hour to 1280 
Btu/sq ft, hr at 170 miles per hour, indicated' air speeds. 
The values of heat supplied thus are found to be in close 
agreement with the thermal data given in table III. ref- 
erence 5.  The value of 1200 Btu/sq ft, hr as given in 
table II, reference 5 Is probably a safe and conservative 
figure to use, but it should be noted -that the velocity 
and scale of the airplane must be considered, as will be 
discussed later.  Since successful ice prevention was ob- 
tained on several flights during which only a part of the 
füll heating capacity of the wing was employed, it is be- 
lieved that future experience will "demonstrate that de- 
icing is possible with 1000 Btu/sq ft, hr. 

Structure.! considerations.- The temperatures in the 
wing structure which result from the us3 of the exhaust 
heating system as shown in table II are not excessive. 
The structures, on which thermocouples at IB, 2B, and .3B 
were located "ere made of heat- and corrosion-resistant 
steel,, as it was anticipated that these .would be the hot- 
test struCtaral members.' Since the strenftn of aluminum 
alloys is not seriously affected by temperatures under 
300.°  7, all of ,the wing structure could l.ave been made 
of aluminum with the exception of the baffles and shrouds 
near the nacelle end of .the exhaÜBt tu.be.  The tempera- 
ture of the e^hauBt tube near the tip 'is low (under 400° 
7), and therefore aluminum parts are not in danger of 
overheating if a small air gap is provided between all 
parts' and the tube.  The temperature of the main beam, 
rib flanges, stringers, and all other primary structural 
parts did not exceed 150°"7.  The materials UBed for the 
heated wing structure .and the.duct system is believed to 
be. satisfactory for practical application.  Owing to the 
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need for'oorroaion resistance, the use of stainless steel 
will be found justified at some points not having a large 
temperature rise'.  In the'vicinity of the wing tip, ex- 
haust gas leakage resulted in excessive corrosion of the 
aluminum skin after 120 hours' service.  The defective 
plates were replaced with stainless steel.  A change that 
is to he made in the design of the tip shroud will elimi- 
nate the gas leakage.  Tor the main wing structure, any 
material that is satisfactory at temperatures resulting 
from exposure to a bright summer sun-will he suitable for 
a heated wing. 

The double-ball joint between the wing tube and tail 
pipe has been found satisfactory.  The double flanged 
elbow in the tail pipe (see fig. 5) allows a slight ex- 
haust gas leakage, and when first put in service, several 
bolts were broken due to expansion.  The gas leakage in 
the region of the elbow was counteracted by shrouding 
this section of the exhaust tube and venting the shroud to 
the air stream.  The- breaking of bolts is believed to have 
been due, in part, to initial tension, since, by not draw- 
ing the flange bolts down tight, further breakage has been 
avoided. 

Vibrations in the semi-elliptical tip Bhroud (see 
fig. 11) caused a crack along the leading edge at the dis- 
charge end.  Three stiffeners, which appear as vanes in 
the end of the shroud, were installed which prevented re- 
occurrence of this failure. 

Some gas leakage into the wing leading edge at the 
wing tip has also been observed.  A scheme for the solu- 
tion of thlB problem has been in operation for an insuf- 
ficient time to determine whether the method 1B satis- ' 
factory.  Continued attention is being given all main- 
tenance problems related to the heated wing. 

Performance.- The back pressure in the exhaust col- 
lector ring due to the passage of the gas through the wing 
tube was found to be insufficient to produce any measura- 
ble effect on the performance of .the engines.  The great- 
est back pressure measured was ?Va inches of water, as 
given in table I.  It seems probable' that even this amount 
could be reduced by permitting the exhaust to follow a 
more direct path from the engine collector- ring to the 
wing tube.. Since the present installation WBB the result 
of alterations to an airplane already built, the most 
direct path was very difficult to obtain, and the present 
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• tmc tu re was .oho sen as- a- compromise;  The' installation 
and-operation of the heating system has-had no effect 
upon the performance, control, or stability of the air- 
plane.       •-.-. "O •: "-•  :>•'•     -.{•'••;•'     " ''• 

It may he of interest .'to, note'that the" efficiency of 
a heated wing de-icing system should he greater when ap- 
plied to a low-drag wing inasmuch: as vbhe heat transfer 
coefficient decreases with the decreased skin friction 
coefficient, a a, •.dlB.c.u.ssed -in i'r.ef ere-üce 7/ and consequently, 
there is less heat loss to the outside air« 

Applicability of exhaust heating.- The series of in- 
vestigations conducted "by the National Advisory- Committee 
for Aeronautics have demonstrated that heat 'from the en- 
gine exhaust gas can he delivered to the airplane wing 
surface in sufficient., quantity and with aufflalent uni- 
formity to provide reliable Ice protection,  the Investi- 
gation has indicated the magnitudes of the thermal values 
involved in the design of one'full-scale heating system. 
The provision of wing heating in the design of an air- 
plane obviously involves some penalties the magnitude of 
which, evaluated In relation to the protection to be ob- 
tained, should determine the type of installation. 

If it has been decided that an airplane Is to operate 
extensively in Inclement weather and is to be exposed of- 
ten, and during long flights, to- icing conditions then in - 
consideration of the need for high aerodynamic efficiency 
the costs of wing heating appear to be 'small compared to 
the protection and other advantages* which are obtained. 
The aerodynamic'effectB of other, de-icing means are re- 
ported in reference 6. 

An expression containing the factors which are in- 
volved in the design of the. exhaust wing heating system 
has been developed by'equating the power required In level 
flight to the heat dissipation, -and is given air follows: 

AT * 1.15 B 
pV3 (CD'+ K0L

a)     y 

X-'v:^.m 

. I * 

where •' v- 

km ^ /Wo  PnA - 3 JgOp 
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AT     practicable wing  surface  temperature  rise, 
degrees  T 

E ratio  of wing heating  to   thrust  power 

p air density,   l"b-seca/ft4 

7 velocity,   ft/sec 

OJJ profile  drag  coefficient   of  complete  airplane 

0L     lift   coefficient 
i *    J ' 

.   ..     X    a  function  of  aspect   ratio 

.- J     mechanical   equivalent 'of  heat,  . ' ' 
.    ft-llis/Btü 

g     acceleration  of  gravity,   ft/seca -   . ' 

-;   C-p     specific  heat  of air at   constant  pressure 
Btu/lb,   degrees   F 

The  function     Nn   .   /^o   Pm\   M      .     -•    .   . -=- ty  i \  iB  defined   in-reference 
1 V     Mm     / 

2,   and   represents   thro  heat   transfer   coefficient-    a.. 

-The   expression   for    AT     indicates  that,   in  general, 
'for mod-ern  commercial  and .military  airplanes,   the   tempera- 
ture   rise  varies  as  follows: 

••(a)     AT     increases  with velocity. 

(ib)     AT     increases   with   size. 

' •   The   effect   of  aerodynamic  heating  is   expro-ssed  in. the 
• 

function   -Vs - which was developed -from "reference B and 
2 JgCp 

investigated in reference 9.  Increasing the velocity in- 
creases the capacity to heat "because the thrust power in- 
creases more, rapidly than the surface heat loss,' and de- 
creases the need for heating because of the effect öf 
aerodynamic heating» •   • 
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Increasing the eise of the protected tody not only 
reduces the heat transfer coefficient, but also reduces 
the ratio of the number of water drops which make contact 
with the wing to the number of drops in the swept air 
volume (reference 10). 

In summary, the disadvantages in the application of 
exhaust heating are not great.  The weight increase, based 
on the experimental installation in the Lockheed 12-A air- 
plane, will probably vary between l/2 and lVfa percent of 
the total airplane weight.  The diversion of exhaust gas 
from. BUpercharging or ejector.stacks may be avoided by 
the use of other heat sources, or a compromise made by 
using only a part of tfhe engine .exhaust gas heat for ice 
protection, the remainder for augmenting the thrust.  The 
complication in maintenance and cost of maintenance will 
probably be .less than that in other widely used ice- 
protecting devices. 

Ames Aeronautical Laboratory, 
latlonal Advisory Committee for Aeronautics, 

Moffett Field, Calif. 



14 

RIFE BEB CIS 

1. Rödert,   Lewie A.,   ItcAvoy,   William H.,   and  dousing, 
Lawrence A.:     Preliminary  Report   on Flight  Teats 
of  an Airplane   Haying  Exhaust-Heated  Wings.     HACA 
confidential   report,   1941. 

2. Theodorsen,   Theodore,   and  Clay,   William  C:      Ice pre- 
vention on Aircraft   by   Ueans   of  Engine  Exhaust 
Heat  and a  Technical  Study  of  Heat  Transmission 
from a  Clark T Airfoil.     Hep.   No.   403,   ITACA,   1931. 

3. Hodert,   Lewis A.:     A Preliminary Study  of  the Preven- 
tion  of  Ice  on Aircraft   by  the use of  Engine- 
Exhaust   Heat.     T.JT.   Eo.   712,   HACA,   1939. 

4. IfcAdams,   William H. :      Heat   Transmission.     McGraw-Hill 
Book   Co.,   Inc.,   1933. 

5. Hodert, Lewis A., and Jones, Alun R.:  A flight Inves- 
tigation of Exhaust-Heat De-icing.  T.tf. Ho. 783, 
HACA, 1940. 

6. Hodert, Lewis A., and Jones, Alun R.:  Profile-Drag 
Investigation of an Airplane Wing Equipped with 
Rubber Inflatable De-icer.  ITACA confidential 
report, 1939. 

7. von Karman, Th.:  The Analogy Between Fluid Friction 
and Heat Transfer, Trans. A.S.M.E., vol. 61, no. 8, 
Nov. 1939, pp. 705-10. 

8. Brun, Edmond:  Distribution of Temperature Over an 
Airplane Wing with Reference to the Phenomena of 
Ice Formation.  T.M. Ho. 883, NACA, 1938. 

9. Rodert, Lewis A.:  The Effects of Aerodynamic Heating 
on Ice Formations on Airplane Propellers.  T.ÜT. Bo. 
79 9, KACA, 1941. 

10.  Kantrowitz, Arthur:  Aerodynamic Heating and the De- 
flection of Drops by an Obstacle in an Air Stream 
In Relation to Aircraft Icing.  T.N. Ho. 779, VACA, 
1940. 



NACA Table 1 
TABLE I 

Engine data and calculations of heat distribution« 

THE CALCULATIONS ARE FOR ONE ENGINE 
AND ONE WING. 

IfeiT 
No« 

Airspeed 
«pa  „ 

(Indicated] 
feet 

Air temp. 
op 

Fuel-air 
ratio 

Engine 
speed, 
Rpm 

Engine 
Bhp 

Exhaust gas, 
lb/hr 

Tl3" it 2000 
ToW 
2000 

TgOO" 
"2000" 
"2000" 

? "2000" 
2000 
105" 3 

rr 
T900" 

"2CTQ- i E" 2Ü.H 
2^.0 

-T77S- 

?0O 
1900" 
"2000" 
•2105" E * F "IST 

» 
T700 

Test 
No. 

Heat through 
tall pipe, 
btu/hr 

Heat lost in 
nacelle, 
btu/hr 

Heat out 
wing tip, 
btu/hr 

Heat to wing 
surface, 
btu/hr 

Exhaust 
back- 

pressure, 
in. H20 

Index 
No. 

616.000 186.000 290.000 
30.000 

2.0 
"270" 

rooo" 
>5JCJ0ö" 

203.OOP 
1*1.5.000 CTOO" ,000" 

TOOO" lli.5.000 
225.000 rjooo" 

nJOJT 
ZDOIT 226.000 

row 
630:000 
lolooo 

92.000 
1861000 
17B.000 

Uli. 000 22^.000 
iff! ago B2o:ooo 

wilooo 
56.000 
SO!000 ^00" 

i6:000 mr 19k.000 
256.000 ir 

E" 
7Ü.000 OOO 

20:000 
2:000 

92.000 

E 119.000 
102'.000 S ow 25U.000 

215.000 5V.OOO HE 
Ö0JT 

Indices: 1. Refer to figure llj. for graphic Illustration. 

2. Refer to figure 15 (a) for wing surface temperature rise. 

5* Refer to figure 15 (b) for wing surface temperature rise. 

Ij.. Refer to figure 15 (c) for wing surface temperature rise. 

5» Exhaust discharged through normal port, none through wing. 



NACA Table 2 

TABLE II. Temperatures observed in wing heating system. 
(The test numbers correspond to those used in table X«) 

Test 
To. 10 11 12 13 Ik 
LIr- (inUoated) 
ipeed. mph. ipe 
me 

113 118 
ermocouple 

Location: 
Exhaust gas: 

2& 165 llfO 12k 130 123 251 251 22Q. 122. 250. 225 

T( mperi turei ,  °P 

H."iMi**Mtt*«^^i*j?iai*iMi£'^ 

at 
I55T 
^9g 

m 
1552" 

13J2 
1322 m m ±mZ IHg 

155! 

laio 
IT I 

13b0 

m 1010" 
3SE 

m 
3 

12J£ 
H30" 
"321 225 

615 322 3S "?5o" 
Structure: 

T8T T82 15 32 T55" m 1S" 
"2T 

"251 
^18" m 2a 

•2ÜB" 
"ID- 

na- 

ns 
•28t 

1 s 3 B2" T2 
TUB 
=5S 

Iff 
2 32 

IT Tiff TO 
125 22 "SB "5? 3£ 35 

Circulating 
air:  

~16 M HI 3S IBS 
"SB" 

213 
IE 255 _S2. 

25B 
251 

"l2or 

3 
"S5o" 

5E 
r2 _27E I 1 

Wing surfaces 
 15  

-22. _ZZ 3ä 
T3T 1Ü7 TM "IÜ2" IBE IDT 53 

2 -5ü 
3L 

3ä 22 
T2? 

2D 

1 
-TT2 110 "50" 

"ET 
"Iffl £ m 101 _12i 

"82 
-82" 

TTo" "Bö 

5 
JLli. 

T0( 
"52" 

IE 
IS 

"TIE 
~*9 E 55 

IS _1QZ 
-55 
32 

J^U Jk u a a 
-22_ J 66 

m % JZZ TO _za -22. -22. 
IOD 

I 
12' 170 3 121 

JL2ÜL 
1:>D' -53 JH IS T6 M -51 JS 
Temperature 
of ale: hz 
Index number 

Ja h2 ±2. -5i M Jfi Ja J£ J£ Ij2 J4 Jk 20 

Indices: 1. Normal fuel-air ratio, heat and circulating air 'full-on1. 

2. Normal fuel-air ratio, heat 'full-on', circulating air off. 

3. Wing heat off. 

Ij.. Lean fuel-air ratio, heat and circulating air 'full-on'. 

5» Rich fuel-air ratio, heat and circulating air 'full-on'. 

6. Lean fuel-air ratio, heat and circulating air 'full-on', 
in icing conditions. 



figure 1.- The Ice'Research airplane. A Lockheed 12A commercial transport airplane which has teen 
altered to provide exhaust heating for the wings. 

(ft 



NACA Fig.  2 

Tip Shroud 
Exhaust  Outlet ^jS&ä^t^^Mi 

^/>- Outlet Louvres 

figure i.- Ixhauet heated wine •howing the exhauet tube in the wing lead- 
ing edge and th« path of the circulated air through the wing 
interior. 



Figure 3.- Section view along a rib of the exhaust heated wing showing the internal structure of 

the wing and heating system. 01 



NACA Pigs. 4,5 

Figure 4.- A view looking downward in the pilots' cockpit showing the 
heating controls. The control handle marked No.l is used to 

vary the quantity of the engines' exhaust passed through the wings, and 
the handle No.2 varies the quantity of air circulated through the wing 
interior. 

uzte*  /WL 

Figure 5.- The exhaust tail pipe and exhaust valve system of the ieft 
engine. As the butterfly valve in the elbow open», the 

clapper valve over the normal exhaust port closes. 



NACA Figs. 6.7 

Figure 6.- A view of the wing section at the leading edge and joint 
between the main wing and center-section.  The end of the 

exhaust tail pipe, to which is attached the wing exhaust tube, is shown. 

Figure ?.- Heated leading edge of wing showing the inboard end 
of the wing exhaust tube. 



NACA Figs. 8,9 

i'igure 8.- An interior view of the wing leading edge, the exhaust tube 
removed, showing the coil spring type of support used at 

most wing stations where restraint was provided. 

Figure 9.- An interior view of the tip end of the wing leading edge, 
the exhaust tube removed, showing the clip type support 

for the tube employed at the tip rib stations where restraint was 
provided. 



NACA Jigs. 10,11 

Figure 10.- The heated wing at the tip station showing the discharge end 
of the exhaust tube. The tube expands through the wing rib 
when heated. 

Figure 11.- Exhaust heated wing tip. The exhaust gas is discharged from 
the wing tube into the leading edge shroud from which it 
passes to the atmosphere through the opening shown* 



NACA Fig.   12 

23 

Tfiermocouo/e Data 
Exhaust gas: IA to 6A 
Wing structure: IB to 6B 
Circufating air: IC to5C 
Cjoper wing skin '• ID to /OD 
Lower m'ng skin-' 11D'to 13 D 

Jigure 12.- ThermocoupleB for measuring the temperature of exhaust 
gas,   structural member«,  circulating air,  and the metal 
skin of the heated wing. 



Figure 13.- The leading edge of the test air- 
plane after a flight in icing con- 
ditions. Ice was prevented on the 
wing surface by the use of exhaust 
heating. The ice on the tell-tale 
strut mounted above the wing indi- 
cates the type of ice which would 
have formed on the wing had not 
protection been provided« 

> 

H 
OJ 



ÄACA Fig.14 

419,000 Btu/hr, exhaust gas 
heat at wing tip discharge 

254,000 Btu/hr, 
heat applied to 
ice prevention 

673,000 Btu/hr, exhaust 
gas heat entering kv/ng 

792, OOO  Btu/hr, engine 
exhaust heat in 
collector ring 

119,000 Btu/hr exhaust heat 
/ost before exhaust gas enters 
wing duct 

Figure llf.     The heat distribution of the wing heating system.     The figure 
illustrates the distribution for the case in which all of the  exhaust  gas 
is discharged at  the wing tip.     See table 1,  test No.  13. 



Temperatur* plotted 
perpendicular to 
surface in *F 

9t 

(b) (c) 

Data 
Air speed, mph 
Fuel-air ratio 
Circulating air 
Atmosphere 
Altitude, ft 
Air temperature,'F 
Test no. 

(a) (b) 
165 165 

0.078 0.079 
Off On 

No c/ouds Mo clouds 
6900 7000 

42 43 
3 4 : 

(c) 
150 

0.072 
On 

Icing 
IZ79Ö 

24 
13 

Figure 15« The temperature rise above air stream temperature of the heated 
wing surface, showing the results of three typical flight conditions. 

M 
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